INTRODUCTION {#s1}
============

Most microbes can form multicellular communities called biofilms that are encased in an extracellular matrix that is typically rich in polymeric biomolecules such as polysaccharides, proteins, and DNA ([@B1][@B2][@B6]). Biofilm matrix compositions differ across species and growth conditions. However, in general, the matrix serves as both a structural scaffold and a protective shield against external assaults such as antibiotic treatment or host defenses ([@B6][@B7][@B11]). Pseudomonas aeruginosa is a model organism for studying biofilms in the laboratory and also causes chronic infections ([@B12][@B13][@B16]). The impact of exopolysaccharides (EPS) on P. aeruginosa biofilm communities has been fairly well studied ([@B17]). However, the different roles that proteins may play in the biofilm matrix are less clear ([@B18]).

The first biofilm matrix protein to be identified in P. aeruginosa was CdrA ([@B19]), which serves as the cargo of the two-partner secretion (TPS) system encoded by the *cdrAB* operon. The outer membrane pore, CdrB, is necessary for export of CdrA from the periplasm to the cell-surface. CdrA is predicted to be structurally similar to other TPS proteins such as filamentous hemagglutinin (FHA), including a β-helical motif that makes up the elongated fibrillar protein core ([@B19]). CdrA is present in both cell-associated and supernatant fractions ([@B19]). The *cdrA* gene encodes a 220-kDa protein, and yet free CdrA that is released away from the cellular surface is only 150 kDa in size and is truncated such that it primarily contains only the predicted fibrillar core. Cleavage at the CdrA N terminus occurs nearly 400 residues after the predicted Sec signal. The mechanism of this cleavage is unknown. Recent findings demonstrated that cleavage at the CdrA C terminus occurs via LapG, which is a periplasmic protease that is regulated by the intracellular signaling molecule cyclic di-GMP (c-di-GMP). Cleavage by LapG results in release of CdrA from the cellular surface under conditions of low c-di-GMP levels ([@B20], [@B21]). The processing of CdrA is depicted in the diagram in [Fig. 1](#fig1){ref-type="fig"}.

![CdrA is the cargo of the two-partner secretion system encoded by the *cdrAB* operon. CdrA is found in both cell-associated and secreted fractions. Periplasmic protease LapG can cleave CdrA near its C terminus, which liberates CdrA from the bacterial cell surface. (Adapted from reference [@B20] with permission of the publisher.)](mbo0041840670001){#fig1}

In addition to the adhesin CdrA ([@B19]), matrix components of nonmucoid P. aeruginosa biofilms include the EPS Psl and Pel ([@B17], [@B22]). CdrA, Psl, and Pel are each c-di-GMP dependent ([@B19], [@B22][@B23][@B26]). The CdrA structure is predicted to contain sugar binding and carbohydrate-dependent hemagglutination domains that may be important for its interactions with matrix EPS and/or host molecules. The structural stability that CdrA lends to the biofilm is hypothesized to be partly due to Psl binding. Psl consists of a repeating pentasaccharide consisting of mannose, rhamnose, and glucose in a 3:1:1 ratio ([@B19], [@B27][@B28][@B29]). The composition of Psl is distinct from that of either alginate or Pel ([@B30], [@B31]). Evidence of the specific interaction between CdrA and Psl includes findings showing that CdrA and Psl coimmunoprecipitate (Co-IP) from liquid culture supernatant and that CdrA promotes Psl-dependent aggregation in liquid culture ([@B19]).

Several CdrA homologs in other species can mediate bacterial aggregation independently of polysaccharides. These include the adhesins FHA ([@B32]), antigen 43 (Ag43) ([@B33]), and AIDA ([@B34]). Thus, we sought to determine if CdrA could act to tether together bacteria independently of Psl ([@B35]). We demonstrated that CdrA can mediate bacterial aggregation and biofilm adherence even in the absence of Psl or other biofilm EPS. We provide evidence that this is likely due to CdrA-CdrA interactions.

The biofilm lifestyle is important to bacterial persistence, and so it is not surprising that P. aeruginosa has multiple, potentially redundant mechanisms for assembly of biofilms. However, we hypothesized that a CdrA/protein-dominant biofilm matrix would be sensitive to proteolytic degradation. This was found to be the case. Possession of such a proteolytically labile matrix could be detrimental to biofilm aggregate stability as P. aeruginosa produces its own slew of extracellular proteases ([@B36], [@B37]) and also is found in environments that are rich in exogenous proteases ([@B38]). Interestingly, we found that the P. aeruginosa EPS Psl protects CdrA from proteolytic cleavage. Additionally, we determined that the self-produced protease elastase (LasB) degrades CdrA. Thus, we envision that Psl-CdrA interactions can contribute to biofilm integrity and that they suggest an advantage for utilizing both proteins and EPS in the matrix. Collectively, our data support a model where CdrA promotes tight cellular interactions in biofilm aggregates, while Psl-CdrA interactions protect the matrix protein from proteolytic cleavage.

RESULTS {#s2}
=======

CdrA can mediate bacterial aggregation and static biofilm formation independently of known EPS. {#s2.1}
-----------------------------------------------------------------------------------------------

We hypothesized that CdrA could mediate bacterial aggregation in the absence of Psl or other EPS. To test this hypothesis, the relative percentages of aggregation of strain PAO1 Δ*cdrA* and mutant strains that no longer produced Psl and/or other EPS (Pel and alginate) were evaluated after induction of *cdrAB* with arabinose. We also examined CdrA-dependent aggregation in the PAO1 Δ*wspF* strain background because it has been shown to have higher levels of Psl and CdrA.

Aggregation results in a decrease in the optical density at 600 nm (OD~600~) of the culture. Therefore, percent aggregation was determined by comparison of the OD~600~ of the P*cdrAB* strains to that of their isogenic empty vector control strains. Aggregates formed in all cases where *cdrAB* was induced ([Fig. 2A](#fig2){ref-type="fig"}; see also [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). Levels of aggregation were higher for strains producing EPS (*P* \< 0.05) and were also higher in the PAO1 Δ*wspF* strain background than in the PAO1 background (*P* \< 0.005).

![CdrA can mediate bacterial aggregation in the absence of Psl or other EPS. (A) Aggregation of wild-type PAO1 and mutant strains that no longer produce Psl and/or other EPS (Pel and alginate) was evaluated after induction of *PcdrAB* with arabinose. Relative aggregation levels were determined by calculating the difference in OD~600~ between the P*cdrAB* strain and its corresponding vector control strain, dividing by the OD~600~ of the vector control strain, and then multiplying by 100%. Data represent the means of results from three replicates, and error bars indicate standard deviations. An asterisk indicates a significant difference in the levels of aggregation of Psl and EPS mutants compared to their parent strains (either strain PAO1 Δ*cdrA* P*cdrAB* or strain PAO1 Δ*wspF* Δ*cdrA* P*cdrAB*) (Student's *t* test; *P* \< 0.05). (B) Aggregates of bacteria constitutively expressing GFP were imaged using confocal laser scanning microscopy. Representative images of each strain are shown and were obtained from microscopy of at least three biological replicates. Scale bars represent 25 μm, and "Δ*psl pel algD*" is abbreviated as "Δ*EPS*."](mbo0041840670002){#fig2}
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Aggregation of wild-type PAO1 and mutant strains that no longer produce Psl and/or other EPS (Pel and alginate) was evaluated after induction of *PcdrAB* with arabinose. The OD~600~ values used to calculate the amount of aggregation are shown in the plot. Data represent the means of results from three replicates, and error bars indicate standard deviations. Download FIG S1, EPS file, 0.77 MB.
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Additionally, we observed bacterial aggregation using microscopy. For this experiment, we used bacteria that constitutively expressed green fluorescent protein (GFP). Again, bacteria aggregated when *cdrAB* was overexpressed, and this aggregation was most pronounced when the EPS Psl was also produced ([Fig. 2B](#fig2){ref-type="fig"}). Strains transformed with the vector control did not form aggregates. An exception was strain PAO1 Δ*wspF* Δ*cdrA*, which, due to its high level of EPS expression, formed small aggregates even without *cdrAB* overexpression. However, these EPS-only aggregates, unlike CdrA-mediated aggregates, were susceptible to disruption with a vortex mixer ([Fig. S2](#figS2){ref-type="supplementary-material"}).
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Results of microscopy of aggregates formed by strains PAO1 Δ*wspF* Δ*cdrA* P*cdrAB* (protein plus EPS) and PAO1 Δ*wspF* Δ*EPS* Δ*cdrA* P*cdrAB* (protein only) and a PAO1 Δ*wspF* Δ*cdrA* vector control (EPS only) are shown. The aggregates were subjected to disruption with a vortex mixer (15 s). The EPS-only aggregates, unlike the CdrA-mediated aggregates, were susceptible to disruption with a vortex mixer. Download FIG S2, EPS file, 1.32 MB.
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Next, we sought to determine if CdrA could mediate static biofilm formation in the absence of Psl or other EPS. Static biofilm formation of *cdrAB* overexpression strains and their isogenic vector control strains was measured by crystal violet staining. In [Fig. 3](#fig3){ref-type="fig"}, the amount of adherent biofilm biomass is shown for both uninduced and arabinose-induced *cdrAB* expression. Similarly to the aggregation assay, we observed that induction of *cdrAB* expression resulted in increased static biofilm formation. In general, this CdrA-dependent increase in static biofilm formation occurred regardless of the presence or absence of EPS production. Also, more biofilm biomass was observed for strains PAO1 Δ*wspF* Δ*cdrA* and PAO1 Δ*wspF* Δ*cdrA* Δ*psl* due to an increase in Psl and Pel levels from the Δ*wspF* mutation. It should be noted that for strain PAO1 Δ*wspF* Δ*cdrA* Δ*psl*, overexpression of *cdrAB* did not result in an increase in static biofilm formation relative to its uninduced control. We repeated this assay, and again we observed that overexpression of *cdrAB* did not result in increased static biofilm formation for strain PAO1 Δ*wspF* Δ*cdrA* Δ*psl*. We are unsure of the reason for this result, as overexpression of *cdrAB* results in increased biofilm formation for strain PAO1 Δ*cdrA* Δ*psl* and both total EPS mutants PAO1 Δ*cdrA* Δ*EPS* and PAO1 Δ*wspF* Δ*cdrA* Δ*EPS*. In all cases, biofilm formation by strains transformed with only the vector control was similar to that observed for the isogenic uninduced P*cdrAB* strains ([Fig. S3](#figS3){ref-type="supplementary-material"}).

![CdrA can mediate static biofilm formation in the absence of Psl or EPS. Static biofilm formation of *cdrAB* overexpression strains was measured by crystal violet staining. Green bars indicate control treatments without arabinose induction, and red bars indicate arabinose induction treatment. Data represent the means of results from six replicates, and error bars indicate standard deviations. An asterisk indicates a significant difference in biofilm biomass compared to the uninduced control (Student's *t* test; *P* \< 0.0005); n.s., not statistically significant compared to the uninduced control. "Δ*psl pel algD*" is abbreviated as "Δ*EPS*."](mbo0041840670003){#fig3}
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CdrA can mediate static biofilm formation in the absence of Psl or EPS. Static biofilm formation of *cdrAB* overexpression strains was measured by crystal violet staining. Green bars indicate control treatments without arabinose induction, and red bars indicate arabinose induction treatment. In all cases, the biofilm formation of strains transformed with only the vector control (vc) was similar to the biofilm formation seen with isogenic uninduced P*cdrAB* strains. Data represent the means of results from six replicates, and error bars indicate standard deviations. Download FIG S3, EPS file, 0.90 MB.
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CdrA-CdrA interactions promote bacterial aggregation in the absence of EPS. {#s2.2}
---------------------------------------------------------------------------

Possible mechanisms of EPS-independent CdrA-mediated aggregation include (i) intercellular CdrA-CdrA interactions and (ii) an intercellular interaction between CdrA and another bacterial surface component(s) or both. To distinguish between these possibilities, the arabinose-inducible overexpression vector P*cdrAB* and the empty vector control were transformed into strain PAO1 Δ*wspF* Δ*cdrA* Δ*EPS* constitutively expressing either the fluorescent protein GFP or mCherry. Mixed cultures were grown with arabinose to induce expression and imaged using confocal laser scanning microscopy. As shown in [Fig. 4A](#fig4){ref-type="fig"}, the mixed culture of strain PAO1 Δ*wspF* Δ*cdrA* Δ*EPS* P*cdrAB* (GFP positive \[GFP^+^\]) and strain PAO1 Δ*wspF* Δ*cdrA* Δ*EPS* P*cdrAB* (mCherry^+^) formed coaggregates. In contrast, the mixed culture of strain PAO1 Δ*wspF* Δ*cdrA* Δ*EPS* P*cdrAB* (mCherry^+^) and strain PAO1 Δ*wspF* Δ*cdrA* Δ*EPS*-empty vector control (GFP^+^) formed aggregates that contained only the CdrA-positive bacteria (mCherry^+^) ([Fig. 4B](#fig4){ref-type="fig"}). Bacteria with only the vector control were excluded from the aggregates. These results support the idea that CdrA-CdrA interactions facilitate bacterial aggregation in the absence of EPS.

![CdrA-CdrA interactions are likely responsible for EPS-independent aggregation. **(**A and B) Microscopy of aggregates formed by strain PAO1 Δ*wspF* Δ*cdrA* Δ*EPS* transformed with either P*cdrAB* or the empty vector control. For this experiment, mixed-culture aggregates were grown from a 1:1 inoculum of each strain. (A) The mixed culture of P*cdrAB* (GFP^+^) and P*cdrAB* (mCherry^+^) showed intermixing of the two strains. (B) The mixed culture of the empty vector control (GFP^+^) and P*cdrAB* (mCherry^+^) did not show mixing of the two strains. Representative images of each condition are shown and were obtained from microscopy of at least three biological replicates. (C) Light microscopy showed that beads aggregated when they were adsorbed with CdrA. Beads adsorbed with BSA or treated only with PBS buffer did not aggregate. Red arrows indicate some of the aggregates that were observed when beads were adsorbed with CdrA. The experiment was repeated three times, and representative images for each condition are shown.](mbo0041840670004){#fig4}

To further explore if CdrA-CdrA interactions can cause aggregation, we passively adsorbed purified CdrA to the surface of 3-μm-diameter latex beads and used light microscopy to observe the beads for aggregation. A schematic of this protocol is shown in [Fig. S4](#figS4){ref-type="supplementary-material"}. Beads aggregated when CdrA was adsorbed and did not aggregate when the beads were either incubated with phosphate-buffered saline (PBS) buffer alone or adsorbed with bovine serum albumin (BSA) ([Fig. 4C](#fig4){ref-type="fig"}). This result shows that CdrA is sufficient for aggregation and does not require any other P. aeruginosa surface molecule(s).
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The schematic outlines the method used to determine if CdrA-CdrA interactions can cause aggregation. For this assay, purified CdrA was passively adsorbed to the surface of 3-μm-diameter latex beads and light microscopy was used to observe the beads for aggregation. When CdrA-CdrA interactions occurred, the beads aggregated. This is the result that was observed experimentally. Download FIG S4, EPS file, 0.64 MB.
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CdrA-only biofilms are susceptible to proteases. {#s2.3}
------------------------------------------------

We hypothesized that Psl may protect CdrA from proteolysis. To test this hypothesis, we treated CdrA-dependent bacterial aggregates with proteinase K (PK) and monitored the subsequent aggregation state using microscopy. PK has broad specificity and so was useful as an initial screen of CdrA proteolytic susceptibility. As shown in [Fig. 5A](#fig5){ref-type="fig"}, we observed disaggregation following PK treatment although this was not completely eliminated in strain PAO1 Δ*wspF* Δ*cdrA* P*cdrAB*. PK indeed proteolyzed CdrA as revealed by Western blot analysis of treated and untreated CdrA samples, and PK did not reduce bacterial viability under these assay conditions ([Fig. S5](#figS5){ref-type="supplementary-material"}).

![Proteinase K diminishes the amount of CdrA-dependent aggregation and static biofilm formation. (A) Aggregates of bacteria constitutively expressing GFP were imaged using confocal laser scanning microscopy with proteinase K (PK) treatment or no treatment (NT). Representative images of each strain and condition are shown and were obtained from microscopy of at least three biological replicates. (B) Static biofilm formation of *cdrAB* overexpression strains (solid lines) and isogenic strains carrying the empty vector control (dashed lines) was measured by crystal violet staining with PK treatment or NT. Data represent the means of results from 3 to 6 replicates, and error bars indicate standard deviations. Scale bars represent 25 μm, and "Δ*psl pel algD*" is abbreviated as "Δ*EPS*."](mbo0041840670005){#fig5}
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Proteinase K was found to have no significant effect on the viability of cells. (A) Western blot analysis was used to demonstrate that proteinase K (PK) completely proteolyzed CdrA. (B) Four different P. aeruginosa strains were tested for viability before and after proteinase K treatment. CFU levels were determined following incubation with proteinase K. Incubation was 30 min at room temperature with rocking. Data represent the means of results from three biological replicates, and error bars indicate standard deviations. Download FIG S5, EPS file, 1.01 MB.
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Next, we treated preformed static biofilms of *cdrAB* overexpression strains with PK. As shown in [Fig. 5B](#fig5){ref-type="fig"}, we observed that PK treatment reduced the amount of CdrA-dependent static biofilm formation for all PAO1 Δ*cdrA* P*cdrAB* strains (solid lines) (*P* \< 0.005) and not for the isogenic vector controls (dashed lines) (*P  \> *0.05). In contrast, for the PAO1 Δ*wspF* Δ*cdrA* strains, PK treatment reduced the amount of biofilm biomass only for the Δ*EPS* strain (*P* \< 0.005). This result suggested that EPS may protect CdrA from proteolytic degradation. That EPS is protective in the strain PAO1 Δ*wspF* background and not for PAO1 is predicted to be due to the higher levels of Psl and Pel that are made by strain PAO1 Δ*wspF*.

Psl protects CdrA from endogenous proteases. {#s2.4}
--------------------------------------------

P. aeruginosa makes several secreted proteases. To test whether these self-produced proteases were able to degrade CdrA, we incubated purified CdrA with stationary-phase culture supernatant from strain PAO1 Δ*wspF* Δ*cdrA* Δ*EPS.* As shown in the Western blot analysis in [Fig. 6A](#fig6){ref-type="fig"}, we observed that CdrA (molecular weight \[MW\], 150 kDa) was degraded to lower-molecular-weight fragments following incubation with culture supernatants. Proteolysis was not observed when CdrA was incubated with boiled supernatant preparations. As the incubation time increased from 4 h to 16 h, CdrA was proteolyzed to fragments that were increasingly lower in molecular weight. By quantifying the intensity of the Western blot band at 150 kDa, we found that by 16 h, more than 90% of the starting CdrA had been proteolyzed. These results support the idea that CdrA is susceptible to endogenous proteases. On the basis of the possible protection of CdrA by Psl in the PK-treated static biofilm assay, we hypothesized that Psl may protect CdrA from degradation by endogenous proteases. To test this hypothesis, we incubated purified CdrA with isolated Psl as well as with the commercially available polysaccharides cellulose, chitosan, and starch, prior to treatment with culture supernatant. As shown in [Fig. 6A](#fig6){ref-type="fig"}, we observed that preincubation of CdrA with Psl, but not with cellulose, chitosan, or starch, protected CdrA from proteolysis. In fact, by 16 h of incubation with supernatant preparations, only 45% of the starting CdrA was proteolyzed when CdrA was preincubated with Psl. In contrast, incubation with the other polysaccharides did not provide protection, and approximately 90% of the starting CdrA was degraded, similarly to what was observed when the CdrA-only preparation was treated with supernatant preparations (see [Fig. S6](#figS6){ref-type="supplementary-material"}).

![CdrA is susceptible to P. aeruginosa proteases, and CdrA-Psl interactions are protective. (A) Anti-CdrA Western blot analysis showed that Psl, but not cellulose, chitosan, or starch, protected CdrA from degradation by P. aeruginosa supernatant proteases. Intact secreted CdrA that had not been treated with supernatant was detected at 150 kDa. Treating CdrA with boiled supernatant (indicated as "B" above lane 3) did not result in CdrA proteolysis. (B) Anti-CdrA Western blot analysis showed that LasB proteolyzed CdrA. Purified CdrA was treated with cell-free stationary-phase supernatant collected from a panel of protease mutants from the P. aeruginosa PAO1 transposon mutant library. Six extracellular proteases (aminopeptidase, AprA, protease IV, PasP, LasA, and LasB) were surveyed, and two mutants were tested for each protease.](mbo0041840670006){#fig6}
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To determine the amount of CdrA that was degraded under the various incubation conditions, the intensity of the 150-kDa band in the Western blot was quantified. This band corresponds to intact, secreted CdrA. The plot shows the resulting arbitrary intensity units of the 150-kDa band. The quantification was performed using ImageJ software. Download FIG S6, EPS file, 0.71 MB.
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To determine if a specific self-produced P. aeruginosa protease was responsible for CdrA degradation, we tested a panel of protease mutants from the P. aeruginosa PAO1 transposon mutant library ([@B39]). Six extracellular proteases (aminopeptidase, AprA, protease IV, PasP, LasA, and LasB) were surveyed, and two mutants were tested for each protease. These proteases were chosen because they were identified in a proteomic screen of P. aeruginosa biofilm matrix-associated proteins ([@B36]). Purified CdrA was incubated with cell-free supernatants collected from stationary-phase cultures of each strain as well as the PAO1 isogenic background strain. Proteolysis was monitored by Western blot analysis of CdrA. Only P. aeruginosa mutants lacking *lasB* failed to cleave CdrA ([Fig. 6B](#fig6){ref-type="fig"}). The proteolytic activity of each strain was verified further using a zymogram gel with gelatin and casein ([Fig. S7](#figS7){ref-type="supplementary-material"}). This result suggests that the P. aeruginosa elastase LasB proteolyzes CdrA.
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Protease activity in each of the supernatants was tested by using a zymogram gel with gelatin and casein. Zymogram gels represent a method of protein gel electrophoresis in which proteins are run under nondenaturing conditions. The gel matrix contains the protease substrates gelatin and casein. The proteases then "clear" a region of the gel via their enzymatic activity. The cleared bands correspond to the molecular weight of the nondenatured enzyme. Protease activity was detected in two regions of the gel, near 150 kDa and 50 kDa. Download FIG S7, EPS file, 0.76 MB.

Copyright © 2018 Reichhardt et al.

2018

Reichhardt et al.

This content is distributed under the terms of the

Creative Commons Attribution 4.0 International license

.

The observed protection of CdrA from proteolytic cleavage could be due to either an interaction between CdrA and Psl or an interaction between the protease and Psl. To distinguish between these possibilities, we tested the protease susceptibility of BSA following preincubation with Psl. If the protection was due to an interaction between the protease and Psl, we would expect that BSA would be protected from proteolysis. Instead, BSA was proteolyzed upon incubation with culture supernatants despite preincubation with Psl ([Fig. S8](#figS8){ref-type="supplementary-material"}). This result supports the idea that the protection provided to CdrA by Psl is likely due to an interaction between CdrA and Psl.
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Bovine serum albumin (BSA) was treated with cell-free culture stationary-phase supernatants. SDS-PAGE analysis was performed with Coomassie staining, and the results showed that BSA was susceptible to proteolysis. Preincubation of BSA with Psl did not prevent proteolysis of BSA by supernatant proteases. Download FIG S8, EPS file, 0.58 MB.
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DISCUSSION {#s3}
==========

We found that the P. aeruginosa biofilm adhesin CdrA is able to promote bacterial aggregation and biofilm formation independently of EPS. This represents a novel mechanism of action of CdrA. Protein-only or protein-dominant biofilm matrices have been described in other systems, including Staphylococcus aureus ([@B40]) and Escherichia coli ([@B41], [@B42]). This report provides new evidence that P. aeruginosa is similarly capable of forming biofilms without known EPS, although which environments or conditions favor these biofilms is unclear. While it is possible that CdrA could be interacting with a yet-to-be-discovered EPS, we believe that this is unlikely since extensive work performed in studying P. aeruginosa, including genomic sequencing, has not uncovered additional EPS candidates. As seen in other systems ([@B33], [@B34]), and as shown now for P. aeruginosa, it is possible to form biofilms using only proteins. This raises the following question: what are some of the advantages of using multiple biomolecules to assemble a biofilm matrix?

A plausible explanation is that it may be beneficial for bacteria to possess redundant mechanisms of biofilm assembly, as this provides bacteria with plasticity to assemble biofilms that persist under a range of environmental conditions; having more than one way to build a biofilm better ensures that the biofilm gets built. Additionally, a proteinaceous matrix is particularly well suited to allowing the bacteria to readily remodel and disassemble via the production of proteases ([@B20], [@B21], [@B43]). Such remodeling may be essential under changing environmental factors such as competition with other bacteria, attack by host defenses, changes in flow, or altered nutrient availability ([@B40], [@B44]). In this way, being able to form a biofilm matrix with a unique composition as well as the ability to adapt in response to external changes may improve bacterial survival.

Most studies of P. aeruginosa biofilms have indicated a critical role for EPS in the matrix ([@B45]). Consistent with this, when we surveyed an extensive database of genomes of P. aeruginosa strains, we did not identify any strains that were missing genes for all types of EPS (Psl, Pel, and alginate) ([@B46]). This raises the following question: why produce EPS as part of the matrix when only a protein is needed? We hypothesized that the utility of CdrA in biofilms may require that its proteolytic degradation be prevented or minimized and that interaction of CdrA with EPS may protect against proteolysis of CdrA. Indeed, PK treatment of CdrA-dominant aggregates and static biofilms resulted in disassembly. Under specific circumstances, proteolytic matrix degradation may be desirable. However, a hallmark of robust biofilm formation that is associated with bacterial persistence is the presence of a matrix that is recalcitrant to damage by host molecules and other environmental assaults. Bacteria in biofilms encounter proteases from their environment (e.g., protease-rich sputum \[[@B38]\]) and self-produced proteases ([@B36], [@B37]) and therefore require a mechanism of protection against digestion. For CdrA, an interaction with Psl was found to be protective against P. aeruginosa proteases.

Similarly, past work has shown that P. aeruginosa biofilms that contain EPS alone are not as robust as mixed EPS-CdrA biofilms ([Fig. 7](#fig7){ref-type="fig"}) ([@B19]). While CdrA-deficient biofilms still accumulate biofilm biomass, they form loosely packed aggregates of bacteria with aberrant matrix localization and compromised integrity. In fact, aggregates of CdrA-deficient bacteria can be easily physically dislodged from the flow cell surface by altering the flow rate ([@B19]). Similar requirements for mixed EPS-protein matrices have been identified in other systems. For example, optimal biofilm formation in Vibriocholerae requires the production of matrix proteins (RbmA, Bap1, and RbmC) and *Vibrio* polysaccharide (VPS) ([@B47]), and RbmA and VPS have been shown to interact within the matrix ([@B48], [@B49]). Past explanations of the necessity of multibiomolecular matrices have included studies of the improved material properties of protein-polysaccharide blends in comparison to matrices composed of only a single material ([@B50][@B51][@B52]).

![P. aeruginosa can assemble aggregates using both EPS and CdrA. When both components are part of the matrix, robust aggregates that are tightly packed and protease resistant are formed. In contrast, when only CdrA is present, the aggregates are highly susceptible to proteolytic degradation. While EPS-only aggregates are protease resistant, they assemble as loosely packed aggregates whose structural integrity is easily disrupted.](mbo0041840670007){#fig7}

Here we explored an additional possibility: that protein-polysaccharide blends are utilized in biofilm matrices to minimize proteolysis of CdrA and the resulting erosion of biofilm biomass that might occur in the presence of extracellular proteases. For example, using a panel of protease mutants, we determined that the P. aeruginosa elastase, LasB, can degrade CdrA unless it is protected by Psl. Expression of LasB is regulated by the quorum-sensing Las system. LasB is among the P. aeruginosa self-produced proteases that contribute to virulence by damaging the host and degrading flagella, which would otherwise elicit a host immune response ([@B53], [@B54]). The proteolysis of CdrA by LasB provides a potentially interesting link between quorum sensing and biofilm formation.

LasB also might provide a nonspecific mechanism for modulating bacterial aggregate growth and disassembly. Recent findings demonstrated that the c-di-GMP-regulated protease LapG can cleave CdrA at its C terminus, resulting in release of CdrA from the cellular surface under conditions of low levels of c-di-GMP ([@B20], [@B21]). CdrA is made under conditions of high c-di-GMP levels, creating a stable biofilm structure, and as c-di-GMP levels drop, CdrA is enzymatically cleaved from the cell surface by LapG. Under unfavorable biofilm conditions, the interaction between CdrA and Psl may be destabilized, permitting LasB to cleave CdrA and further promote disaggregation. However, when CdrA and Psl interact, the bacteria are then protected against digesting their own matrix and are still able to produce proteases that are important for virulence and/or survival. This model fits with the general finding that dispersed bacteria exhibit decreased levels of intracellular c-di-GMP and increased levels of matrix-degrading enzymes ([@B55]).

In addition to identifying an EPS-independent function for CdrA, we also showed a novel role for CdrA-Psl interactions. CdrA-Psl interactions provide structural stability via cross-linking, and we have now shown that CdrA-Psl interactions also provide protection from proteolytic degradation. This work emphasizes the importance of different biofilm matrix components and that their assembly outside the cells can provide biofilm stability.

MATERIALS AND METHODS {#s4}
=====================

Bacterial strains and growth conditions. {#s4.1}
----------------------------------------

Bacterial strains and plasmids used in this study are listed in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material. Unless otherwise noted, strains were grown at 37°C in Luria-Bertani (LB) broth.
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Strains, plasmids, and primers used in this study are outlined in the table. Download Table S1, DOCX file, 0.01 MB.
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Aggregation assays. {#s4.2}
-------------------

Stationary-phase cultures were diluted 30-fold into LB medium supplemented with 1% arabinose and 300 μM carbenicillin. Mixed-culture aggregates were grown from a 1:1 inoculum of each strain. Cultures were grown in triplicate at 37°C, with shaking at 225 rpm, for 2 h 15 min. Aggregation was evaluated by visual assessment and the measurement of absorbance at 600 nm. Percent relative aggregation was calculated by taking the difference between the OD~600~ of the P*cdrAB* strain and that of its corresponding vector control strain, dividing by the OD~600~ of the vector control strain, and then multiplying by 100%. Student\'s *t* test was applied to determine if there was a statistically significant difference between EPS^+^ and isogenic Psl^−^ or EPS^−^ strains. For microscopy of aggregates, 20 μl of culture was deposited on a glass slide using a P200 pipette tip and imaged using confocal laser scanning microscopy with either a 20× or 63× lens objective.

For proteinase K treatment of aggregates, proteinase K (Qiagen) (final concentration, 5 mg/ml) was added to culture aliquots after 2 h 15 min of growth and incubated for 30 min at room temperature with rocking before imaging by confocal laser scanning microscopy was performed. Untreated samples were similarly incubated with rocking.

Crystal violet assay. {#s4.3}
---------------------

Static biofilm formation was assessed using the crystal violet assay as previously described ([@B19]). Static biofilms were cultured in Nunc Bacti 96-well microtiter plates using Vogel-Bonner minimal medium (VBMM) supplemented with 0.2% arabinose and 300 μM carbenicillin. Cultures were incubated statically for 20 h at 37°C before nonadherent biomass was removed and the crystal violet assay performed. Student's *t* test was applied to determine if there was a statistically significant difference between uninduced ("no arabinose") and induced ("plus arabinose") samples of the same strain background.

For proteinase K treatment of static biofilms, proteinase K (Qiagen) was added to the wells at a final concentration of 5 mg/ml after 19 h of growth, and then the reaction mixtures were statically incubated for 1 h at 37°C before the nonadherent biomass was removed and the crystal violet assay performed. Student's *t* test was applied to determine if there was a statistically significant difference between untreated ("no treatment" \[NT\]) and proteinase K-treated ("PK") samples of the same strain.

CdrA purification. {#s4.4}
------------------

CdrA protein expression was performed in P. aeruginosa strain MPAO1 Δ*lasR* Δ*rhlR* P*cdrAB*, and cultures were grown in LB medium supplemented with 1% arabinose and 300 μm carbenicillin. Supernatant was harvested following centrifugation of the culture for 10 min at 5,000 × *g*. Centrifugation was repeated once to remove residual cellular debris. Protease inhibitor was added to the supernatant (1 Roche tablet and 100 μl Halt protease inhibitor were added per 25-ml aliquot of supernatant). Supernatant was then concentrated using a 100-kDa Amicon filter in an Amicon stirred cell. The supernatant was treated with DNase prior to dialysis against PBS (100-kDa molecular weight cutoff \[MWCO\]) and then purified over a Sephacryl S-300 column. Fractions were tested for CdrA by the use of a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel.

Psl isolation. {#s4.5}
--------------

Psl was isolated from MPAO1 pBAD*psl* grown in Jensen's medium supplemented with 2% arabinose. Cultures were grown overnight at 37°C with shaking. Cells were pelleted by centrifuging twice at 8,300 × *g* for 15 min at room temperature, and the pellet was discarded. To precipitate Psl, ice-cold ethanol was added to the supernatant at a ratio of 3:1 and the reaction mixture was incubated at 4°C for 1 h. Psl was pelleted by spinning at 8,300 × *g* for 15 min at 4°C, and the supernatant was discarded. The Psl-containing pellet was washed three times with ice-cold 95% ethanol. The pellet was then washed with 100% ice-cold ethanol, and the pellet was air dried overnight. The sample was tested for the presence of Psl by immunoblotting.

Western blot detection. {#s4.6}
-----------------------

CdrA was examined by immunoblot assays. Protein gel electrophoresis was carried out using 3 to 8% XT Tris-acetate gels (Criterion). Proteins were transferred to 0.2-μm-pore-size polyvinylidene difluoride (PDVF) transfer membranes (Bio-Rad). The primary CdrA antibody (GenScript; raised against CGDFQGRGELPRAKN) was diluted to 1/10,000 in 1% milk--Tris-buffered saline with Tween 20 (TBST). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody (Invitrogen) was used as the secondary antibody. Detection was performed with SuperSignal West Pico chemiluminescent substrate (Thermo Scientific).

Protease susceptibility assay. {#s4.7}
------------------------------

Purified CdrA and isolated EPS were incubated together (10 μg CdrA to 30 μg EPS) overnight at room temperature with rotation. Sterile water was added to reach a final volume of 50 μl. As a control, CdrA was incubated with sterile water alone. Cell-free supernatants from stationary-phase cultures of strain PAO1 Δ*wspF* Δ*cdrA* Δ*EPS* were added to the CdrA-polysaccharide mixtures. Two parts cell-free supernatant (or boiled supernatant or sterile water) were added to one part CdrA-polysaccharide mixture. Reaction mixtures were incubated at 37°C for 16 h or for the indicated time before immunoblot analysis was performed. The proteolysis assay of bovine serum albumin (BSA) was performed identically with the exception that BSA and Psl were incubated together at a ratio of 4 μg BSA to 30 μg Psl so that the molar equivalent of BSA was the same as for CdrA. For the assay, the Psl was isolated from P. aeruginosa. Commercially available cellulose (Sigma), chitosan (Sigma), and corn starch (Albertson's) were used.

Latex bead assay. {#s4.8}
-----------------

Purified protein (5 μg) was passively adsorbed onto 3-μm-diameter polystyrene latex beads (Sigma) (1% solution). Adsorption took place in 25 mM MES (morpholineethanesulfonic acid; pH 6.5) at room temperature with rotation for 48 h. Unadsorbed protein was removed by washing the beads three times with 25 mM MES (pH 6.5). The beads then were suspended in PBS and incubated for 4 h with rotation at room temperature. For imaging, the beads were diluted 5-fold in PBS and deposited onto a hanging drop slide. The slide was inverted prior to imaging so that beads were located near the cover slip.

Zymogram gel. {#s4.9}
-------------

Proteases secreted by stationary-phase cultures were resolved using 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels containing 0.2% gelatin (Sigma) and 0.2% casein (Sigma). Samples were mixed with nonreducing sample buffer and were not boiled. Following electrophoresis, the gel was washed with 2.5% Triton X-100 before incubation was performed for 48 h at 37°C in 50 mM Tris-HCl (pH 7.5)--1% Triton X-100--5 mM CaCl~2~--1 μM ZnCl~2~. The gel was then stained with Coomassie and imaged.
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